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Abstract 
The discharge of nutrients i investigated in relation to their sources 
and effects in two case studies. The reduction of 47% in the phos- 
phorus load from Denmark to marine areas between 1989 and 1993 
has resulted in significantly lower phosphorus concentrations in 
most Danish coastal waters, and tendency to decrease can be seen in 
the Belt Sea and Kattegat as well. No general changes in nitrogen 
concentrations have been observed. This is due to the fact that more 
than 80% of the nitrogen load in Danish waters originate from dif- 
fuse agricultural sources. 
In the Pomeranian Bight strong nutrient gradients are generated 
by the mixing of Odra river water and coastal water. The spreading 
of the river plume could be exactly observed especially in winter, 
when biological activity is low. In general, different types of distri- 
bution, transport and modification patterns can be described. 
The annual input of nutrients from the catchment area to the 
Baltic Sea was estimated tobe around 1000 kt N and 46 kt R As a re- 
sult, winter concentrations of phosphate and nitrate are characterized 
by positive overall trends in the surface layer in all subregions ofthe 
Baltic Proper for the period 1969 to 1993. These trends tem mainly 
from the strong increase in the 1970ies and early 1980ies. There- 
after, the concentrations of both nutrients fluctuate strongly around a
high level. The drastic decrease in fertilizer consumption since the 
late 1980ies mainly caused by the great economic hanges in the 
countries of the former East Bloc is not yet significantly reflected in 
decreasing winter concentrations, but first signs already have been 
found in the decrease in averaged phosphate concentrations i  win- 
ter, especially in the Arkona and Bornholm Seas. 
Introduction 
The nutrients nitrogen and phosphorus are discharged into 
the sea from the land via rivers and by direct communal and 
industrial sewage discharge. The nutrients transported by 
rivers originate partly from the natural leaching of soil but 
mainly from anthropogenic a tivities in the catchment area 
including sewage production, combustion of fossil fuels, 
traffic and the use of synthetic fertilizers. More recent inves- 
tigations how that both nitrogen and phosphorus originate 
mainly through the diffuse leaching of soils (NIXON 1995; 
BEHRENDT & BACHOR, pers. commun.; BACHOR 1996; 
LAUN 1993-1996), at least in Germany. 
From the atmosphere, specially reduced and oxidized ni- 
trogen compounds are deposited on the sea surface, mainly 
as wet deposition (85% of the total deposition - HELCOM 
1991; HELCOM 1996). 
Nutrient loads from sewage and the atmosphere are rela- 
tively evenly distributed over the seasons and from year to 
year, whereas diffuse phosphorus and, especially nitrogen 
loads show a pronounced seasonality and vary considerably 
from year to year in parallel with variations in precipitation 
and freshwater runnoff (NEHRING & AERTEBJERG 1996; 
BACHOR 1996; NAUSCH & SCHLUNGBAUM 1995; 
PASTUSZAK et al. 1996). 
This presentation uses two examples to describe the fate 
of nutrients after being discharged into coastal waters as well 
as some general features of the nutrient conditions in the 
Baltic Sea. 
Regional approaches 
The harmonized Danish monitoring programme provides 
spatial and temporal information on the land-use related is- 
tribution of nutrients and their effects on the aquatic environ- 
ment (KRONVANG et al. 1993). The total nutrient discharge 
via rivers and direct coastal effluents to the two main marine 
waters surrounding Denmark, i.e. the North Sea and Skager- 
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rak on the one side and the Kattegat, Belt Sea and Baltic 
Proper on the other, amounted to 128,400 t nitrogen and 
4,490 t phosphorus in 1994, 75-79% of which were dis- 
charged into Baltic coastal waters. Riverine nitrogen loading 
by far exceeded the direct coastal input into the Danish part 
of the Baltic Sea area, constituting 91% of the total discharge. 
Phosphorus riverine loading accounted for 61% of the total 
load. Riverine loads of nitrogen and phosphorus to the coastal 
waters originated from various point and nonpoint sources. 
The most significant nitrogen input was derived from non- 
point sources, which accounted for 87% of the total load. 
Agriculture is the most important source of this nutrient. In 
contrast, point sources account for 55% of the phosphorus 
loading, most of it coming from sewage treatment plants in 
the catchment area of the Danish east coast. 
The anthropogenic phosphorus load increased until the 
1970ies and since that decreased parallel to the development 
of phosphorus removal from sewage and, more recently 
owing to the introduction of phosphate-free d tergents. Nitro- 
gen loads from both terrestrial and airborne sources have been 
doubled from the 1950ies to the late 1970ies. A significant an- 
nual increase of 3.7% in the export of nitrate was observed in 
six Danish rivers draining mainly agricultural catchment areas 
during the period 1967-1978 (KRISTENSEN et al. 1990). In 
contrast, no significant rends were detected for the period 
1978-1989 (KRISTENSEN et al. 1990). 
Winter nitrogen concentrations increased parallel to the 
general increase in riverine input until the end of the 1970ies 
(Fig. 1A). That is in good agreement with observations ofnu- 
trient variations in the open Baltic Sea areas (NEHRING & 
MATTHAUS 1991). As a result, the primary production of 
the phytoplankton doubled in the Great Belt from the 
1950ies to the late 1970ies (Fig. 1B). 
As a consequence ofthis eutrophication, oxygen depletion 
has been observed nearly every year in the bottom water of 
the southern Kattegat, the Sound and the Belt Sea since 1981. 
The most serious oxygen deficiences occurred in the years 
after unusually high winter-spring runoffs: 1981, 1983, 1986, 
1988, 1994 and 1995 (SEHESTED HANSEN et al. 1995). 
From the mid 1970ies to 1994 no general change was ob- 
served in the nitrogen load to the transition area (Kattegat, 
Belt Sea and Sound), but large interannual variations caused 
by the variations in freshwater runoff were recorded. The 
runoff is high in winter and low in summer, i.e. the nitrogen 
load is high during the non-productive s ason, when the nu- 
trients accumulate in the surface layer. A significant correla- 
tion has been found between winter runoff from Denmark 
(October-January) and winter concentrations (January- 
February) of nitrate+nitrite in the surface water at various ta- 
tions in the transition area for the period 1975-1994 (Fig. 2). 
The winter surface concentrations changed on average by 6% 
(0.45 pmol/dm 3) per 10% change in runoff. Similar relations 
can be shown for the Odra river (PASTUSZAK et al. 1996) 
and several German rivers (BACHOR 1996) as well as in 
inner coastal waters (NAUSCH & SCHLUNGBAUM 1995) 
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Fig. 1. (A) Increase in the mean winter concentrations of nitrate 
(January to February) in the surface layer at Fladen in the western 
Kattegat during the period 1969-1989. (B) Increase in the mean 
summer primary production (July to September) atHalsskov Rev in 
the Great Belt during the period 1953-1989. 
but not for the open Baltic Sea (NAUSCH & NEHRING 
1996). 
The results of the Danish monitoring programme show 
that the 47% reduction in the phosphorus load from Den- 
mark to the marine areas between 1989 and 1993 has result- 
ed in significantly lower phosphorus concentrations in most 
Danish coastal waters. This tendency seems to exist in the 
Belt Sea and Kattegat as well. 
Nitrogen removal techniques have also been implemented 
at sewage treatment plants but has met only limited success 
in reducing the total nitrogen load to coastal waters. In the 
transition area, like in other parts of the Baltic Sea most of 
the nitrogen load originates from the leaching of arable land. 
Even the measures implemented to reduce nitrogen losses 
from agriculture have not resulted in any statistically de- 
tectable reduction of nitrogen losses from fields until 1994. 
This may be due to a delayed response owing to nitrogen 
pools in the soil or difficulties in normalizing the nitrogen 
load depending on the large variations in percipitation and 
freshwater runoff from year to year. 
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Fig. 2. Mean January/February concen- 
trations of nitrate (+nitrite) in the 0-10 m 
layer in the southern Kattegat and Great 
Belt as a function of the October to Jan- 
uary fresh water unoff rom Denmark to 
the Kattegat and Belt Sea during 
1975-1994. 
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A slightly different approach as been used to study the 
ecology, biogeochemistry and transport of matter in the 
Pomeranian Bight in the southern Baltic Sea (voN BODUN- 
GEN et al. 1995). Dense station grids which are sampled as 
frequently as possible allow the distribution patterns to be 
described. 
Around 90% of the drainage to the Pomeranian Bight 
comes from the catchment area of Szczezin Lagoon. The 
main supplier of water to the Bight is the Odra river. The 
total outflow calculated for the years 1951-1960 was 
560 m3/s or 17.6 km~/year, respectively. Up to 2/3 of the total 
annual freshwater discharge nters the coastal waters from 
December to May. 
Nutrient discharges from the Odra river vary both season- 
ally and from year to year. The comparison of the Odra water 
discharge and the weekly nutrient loads entering Szczezin 
Lagoon show a very good correlation, particularly for inor- 
ganic nitrogen compounds (PASTUSZAK et al. 1996). Inor- 
ganic nitrogen species prevail in the outflowing water in win- 
ter, spring and autumn, whereas organic ompounds predom- 
inate in summer. In the case of phosphate, the correlation be- 
tween water discharge and nutrients eems to be more diver- 
sified. The total annual input to Szczezin Lagoon varies be- 
tween 40,000 and more than 80,000 tN and 4,500 to 8,000 tP 
(PASTUSZAK et al. 1996; DAHLKE et al. 1995). 
The buffering capacity of the lagoon itself is not yet com- 
pletely known, but sediment studies imply that only 500 t 
N/year and <90 t P/year are deposited in the whole lagoon 
(DAHLKE et al. 1995; MEYER & LAMPE 1996). Around 
70% of the outflow from the Szczezin Lagoon is realized via 
the Swina. It has been shown that the outflow has a pulse- 
like character with a typical frequency of 3-4 days. 
The distribution of the nutrient load in the Pomeranian 
Bight can best be described uring winter, when biological ac- 
tivity is low. In this season, the horizontal distribution patterns 
are determined exclusively by the hydrographic conditions and 
thus resemble the distribution of salinity. The outflowing la- 
goon water also leads to vertical stratification but, regardless 
of the circulation patterns, the layers are mixed by wind action 
after around 10 km distance from the mouth of the Swina. 
Fig. 3 shows the distribution of nitrate (+nitrite) in Jan- 
uary 1995. Two pulses of water from the lagoon can be ob- 
served. The freshwater masses are transported along the 
coast of the island of Usedom due to the prevailing winds 
from south to southeast. Ekman transport widens the plume 
and deflects it towards the open bight. The water is replaced 
by denser water masses from the depth of the Arkona Basin. 
The nitrate concentration atthe centre of the plumes reaches 
values of around 40 pmol/dm 3 (Fig. 3b). Three days earlier, 
when the outflow of the first plume was observed, it was 
about 60 ~mol/dm 3 (Fig. 3a). The concentrations in the off- 
shore area of the Arkona Sea varied between 4 and 6 pmol/ 
dm 3 at that time (NEHRING et al. 1996). 
The distribution of phosphate (Fig. 4), silicate and ammo- 
nia show exactly the same patterns: highest concentrations in 
the plume, northward transport along the coast and thereafter 
deflection of the plume towards the centre of the bight ac- 
companied by mixing and decreasing concentrations. 
Seasonal statistics how that east and south winds like 
those causing the described istribution pattern, are quite 
common in spring when freshwater runoff is highest. West- 
erly winds predominate during most seasons. Under these 
conditions, the outflowing water masses are transported in a 
narrow band along the Polish coast again due to Ekman 
transport. Satellite images (VON BODUNGEN et al. 1995) 
and results of numerical models show that this band can be 
traced as far as the Bay of Gdansk, if west winds are suffi- 
ciently persistent. The nutrients discharged are immediately 
transformed into biomass as biological activity is high in 
summer. During this season, really high nutrient concentra- 
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Fig. 3. Horizontal distribution of nitrate (+nitrite) in the surface layer of the Pomeranian Bight in January 1995 - observation of two sub- 
sequent grids. (IOW 1996, Sektion Chemie.) 
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Fig. 4. Horizontal distribution of phosphate in the surface layer of th  Pomeranian Bight in January 1995. (IOW 1996, Sektion Chemie.) 
tions can be found only in a narrow band along the Polish 
coast (VON BODUNGEN et al. 1995). 
Summing up, two different situations can be described in 
the Pomeranian Bight. The winter and early spring are charac- 
terized by high freshwater runoff. Nutrients are transported 
mainly in inorganic forms and high concentrations. They are 
diluted by hydrographic processes. These nutrients finally 
support he eutrophication process in the Baltic Sea. In sum- 
mer the freshwater runoff is low. Elevated nutrient concentra- 
tions can be detected only in nearshore coastal waters. The nu- 
trients are mainly transported as particulate organic matter 
and reach the deeper sedimentation basins of the Arkona and 
Bornholm Sea after repeated biogeochemical transformations. 
Long-term variations in nutrients 
The annual nutrient input from the catchment area of the 
Baltic Sea has been estimated to be 662 kt N and <45.8 kt P 
from direct and diffuse sources (HELCOM 1993). For nitro- 
gen, an additional amount of 300 + 30 kt N from atmospher- 
ic depositions must be taken into account, whereas airborne 
phosphate loads are only of minor significance (HELCOM 
1991). Large amounts of organic matter, up to 1,400 kt as 
BOD 7, also enter the Baltic Sea. Table 1 gives an overview of 
the land-based inputs to various regions of the Baltic Sea. 
Nutrient rends are studied in the surface layer in winter 
when biological activity is low and nutrient concentrations 
are high (NEHRING & MATTHAUS 1991). This method is 
based on the assumption that in winter a steady state has de- 
veloped between microbial mineralization, low biological 
productivity, and vertical exchange and mixing. The phos- 
phate and nitrate concentrations are characterized by a pro- 
nounced seasonality and often decrease near to the detection 
limit during the period of high biological productivity begin- 
ning in spring and ending in late autumn (Fig. 5). The high 
standard eviations in winter are also caused by positive 
overall trends as will be shown later. The seasonality of sili- 
cate is much less pronounced. 
In the long-term ean, the maximum of phosphate and ni- 
trate accumulation is reached in the surface layer of the 
Arkona and Bornholm Sea in February. The winter plateau is 
best developed in the eastern Gotland Sea between mid-Jan- 
Table 1. Input of nutrients and organic matter (kt) in the Baltic Sea 
(HELCOM 1993). 
Total-P Total-N BOD7 
Gulf of Bothnia 5.4 96 258 
Gulf of Finland 11.8 140 286 
Gulf of Riga 3.4 85 142 
B altic Proper > 17.8 209 >609 
Belt Sea 4.7 62 > 66 
Kattegat 2.7 69 > 39 
Baltic Sea >45.8 662 >1400 
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Fig. 6. Trends of phosphate and nitrate (+ nitrite) winter concentrations in tile 0-10 m surface layer of the main sub-regions in the Baltic Proper. 
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uary and early April (NAUSCH & NEHRING 1996). Only 
these periods with the highest nutrient concentrations should 
be used for trend studies in connection with eutrophication. 
Significant positive overall phosphate and nitrate trends 
have been identified in the surface layer of all regions of the 
Baltic Proper (Fig. 6). They mainly result from the consider- 
able increase between 1969 and 1978 as it could be shown 
for the Belt Sea and Kattegat area as well. In contrast o 
phosphate, nitrate continued to increase until 1983. There- 
after, the concentrations of both nutrients fluctuated strongly 
around a high mean except in the Landsort Deep area, where 
phosphate and nitrate winter concentrations continued to in- 
crease until 1993 (NAUSCH & NEHRING 1996). 
Fertilizers consumed in the catchment areas are the most 
important source of eutrophication i shelf seas (NIXON 
1995). Large amounts of fertilizers are retained in the soils or 
lost by denitriflcation. Only a small fraction reaches the 
coastal zone after transformation by various biogeochemical 
and technological processes. The amounts of phosphorus and 
nitrogen fertilizers applied annually in the catchment area of 
the Baltic Sea are compared with the phosphate and nitrate 
winter concentrations in the surface layer of the Baltic Proper 
averaged over periods of five (eleven) years in Fig. 7. The 
different curves for fertilizers represent the total catchment 
area, the catchment area without the former USSR and the 
new Baltic States and finally without Poland. The strong in- 
crease in fertilizer consumption that started in the early 
1960ies is followed by increasing phosphate and nitrate win- 
ter concentrations after a delay of 5-10 years. If this delay is 
taken into account, the correlations are obvious. The drastic 
reduction in fertilizer consumption, mainly caused by the 
great economical changes in the countries of the former East 
Bloc, began in the late 1980ies and is thus not yet significant- 
ly reflected in decreasing nutrient concentrations. But first 
signs are already becoming apparent in the averaged nutrient 
concentrations (Table 2). Partly, they show that nutrient lev- 
els are tending to decrease in central Baltic surface waters. 
This behaviour is more pronounced in the Arkona and Born- 
holm Basins where stations are closer to the coast, than in the 
eastern Gotland Basin with its more offshore stations. 
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Table 2. Five (eleven) year averaged winter concentrations of phosphate and nitrate (,umol/dm 3)in the surface layer (0-10 m) of main subre- 
gions in the Baltic Proper [exact position of stations cf. NEHRING et al. (1996); number of data available*) in parenthesis.]. 
Period 1958/68 1969/73 1974/78 1979/83 1984/88 1989/93 
Arkona Sea (average of Stat. 069, 109, 113) 
Phosphate (Jan-Mar) - 0.26 + 0.05 (5) 0.49 _+ 0.12 (16) 
Nitrate (Jan-Feb) - 2.68 _+ 0.14 (4) 3.93 + 0.78 (14) 
Bornholm Sea (average of Stat. 200, 213,214) 
Phosphate (Jan-Mar) - 0.32 + 0.15 (22) 0.35 + 0.12 (50) 
Nitrate (Jan-Mar) 0.69 _+ 0.37 (3) 2.08 _+ 0.74 (34) 3.16 + 0.56 (46) 
Eastern Gotland Sea (average of Stat. 250,. 255,259, 260, 270, 271) 
Phosphate (Feb-Mar) 0.27 _+ 0.09 (24) 0.26 + 0.14 (95) 0.54 -+ 0.09 (61) 
Nitrate (Jan-Apr) 0.97 + 0.36 (5) 2.44 -+ 0.40 (75) 3.81 + 0.94.(61) 
0.48-+0.11 (50) 0.67+0.09 (52) 
4.61+ 0.83 (20) 4.74-+0.46 (35) 
0.56__+0.14(46) 0.67+0.19 (88) 
3.89+0.94(53) 4.37-+1.16 (90) 
0.59+0.16(60) 0.60+0.15(125) 
4.15 + 0.93 (60) 4.30__+ 0.99 (132) 
0.61 _ 0.17 (155) 
4.17_+ 0.79 (84) 
0.64__+0.18 (89) 
3.90__+0.83 (89) 
0.67 _+ 0.11 (182) 
4.23 + 1.28 (200) 
*) Mainly from Germany but also from Sweden, former USSR, IBY and HELCOM. 
Decreasing nutrient loads may be expected in the Baltic 
Sea in future due to reductions in the fertilizer consumption 
and the improvements in the waste water treatment in the 
catchment area. For this positive development to continue, 
the measures recommended by HELCOM for the protection 
of the Baltic Sea must be consistently implemented by all 
contracting parties. 
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